Mutations in the spin gene are characterized by an extraordinarily strong rejection behavior of female flies in response to male courtship. They are also accompanied by decreases in the viability, adult life span, and oviposition rate of the flies. In spin mutants, some oocytes and adult neural cells undergo degeneration, which is preceded by reductions in programmed cell death of nurse cells in ovaries and of neurons in the pupal nervous system, respectively. The central nervous system (CNS) of spin mutant flies accumulates autofluorescent lipopigments with characteristics similar to those of lipofuscin. The spin locus generates at least five different transcripts, with only two of these being able to rescue the spin behavioral phenotype; each encodes a protein with multiple membrane-spanning domains that are expressed in both the surface glial cells in the CNS and the follicle cells in the ovaries. Orthologs of the spin gene have also been identified in a number of species from nematodes to humans. Analysis of the spin mutant will give us new insights into neurodegenerative diseases and aging.
Mutations in the spin gene are characterized by an extraordinarily strong rejection behavior of female flies in response to male courtship. They are also accompanied by decreases in the viability, adult life span, and oviposition rate of the flies. In spin mutants, some oocytes and adult neural cells undergo degeneration, which is preceded by reductions in programmed cell death of nurse cells in ovaries and of neurons in the pupal nervous system, respectively. The central nervous system (CNS) of spin mutant flies accumulates autofluorescent lipopigments with characteristics similar to those of lipofuscin. The spin locus generates at least five different transcripts, with only two of these being able to rescue the spin behavioral phenotype; each encodes a protein with multiple membrane-spanning domains that are expressed in both the surface glial cells in the CNS and the follicle cells in the ovaries. Orthologs of the spin gene have also been identified in a number of species from nematodes to humans. Analysis of the spin mutant will give us new insights into neurodegenerative diseases and aging.
The central nervous system (CNS) is comprised of various types of neurons and glial cells. Neurons obviously play a central role in neural integration, and the data showing the importance of glial cells in the CNS are now increasing. Glial cells provide growth factors, nutrition, and insulation and are responsible for the maintenance of ionic homeostasis and guiding the migration of neuronal cells and axons. Furthermore, glial cells also promote the formation and functioning of synapses (29) . Abnormal glial cell function has been implicated in various neurodegenerative diseases in vertebrates (34, 35) . In Drosophila melanogaster, several mutations that cause neurodegeneration have now been isolated (26) and some are shown to be associated with glial cell function. In the drop-dead mutant, glial cells have stunted processes and, as a result, neurons lack the glial sheath (4). In reverse polarity (repo) mutant flies, glial cells in the optic lobe degenerate and this leads to the degeneration of neurons (46) . The swiss cheese mutation results in glial hyperwrapping and brain degeneration (21) . All of these mutations result in a shortened life span and specific behavioral aberrations.
During the development of the Drosophila CNS, a large number of glial cells and neurons are eliminated by programmed cell death (PCD) (41) . PCD is an evolutionarily conserved cell death process that plays a major role in normal development and homeostasis (44) . In flies, the reaper (rpr), grim, and head involution defective (hid) genes are crucial for the regulation of PCD (45) . Although the homologs of these genes have not yet been identified in other animals, these genes have been shown to function in vertebrates (8, 11, 14) . Many of the doomed neurons in the Drosophila CNS express high levels of the A isoform of the ecdysteroid receptor (EcR-A) (31) prior to expression of rpr or grim and/or hid genes (10) . However, the mechanism of cell death, particularly postembryonic PCD, is still poorly understood. This paper describes the molecular characterization of the spin mutation. The Drosophila spin mutation was originally isolated as a mutation in which the females exhibited a strong rejection behavior toward courting males (37, 49) . The spin gene, to which the mutagenic P-element impinges at 52E on the second chromosome, encodes an evolutionarily conserved novel protein containing multiple transmembrane domains. The spin gene transcripts are expressed mainly in a subset of surface glial cells in the nervous system and the follicle cells of the ovaries. Loss of the spin gene product from these two types of cells interferes with PCD of neurons and nurse cells in their respective systems. Persistence of unnecessary cells results in the degeneration of oocytes in the ovaries and of neurons in the CNS. The Spin protein is therefore postulated to function in mediating apoptotic signals conveyed from follicle cells to nurse cells or from glia to neurons. The accumulation of lipofuscin-like materials in spin mutant neurons further implies the possible function of the spin gene in regulating lysosomal turnover in nerve cells.
MATERIALS AND METHODS
Mutagenesis, mutant screening, and behavior analysis. Mutagenesis and mutant screening were carried out as described previously (18, 37) . For a detailed characterization of the behavioral phenotype, paired flies were placed in circular mating chambers and their behaviors were videotaped. The behavioral actions undertaken by the females during the 10-min period following the first attempt at courtship by the partner males were then analyzed. If the female exhibited fending, flicking, kicking, punching, curling, spreading, extrusion, or decamping at least once during the 10-min period, the female was classified as positive for the respective behavioral action. The number of positive females was counted for each behavioral action, and the proportion of the total number of observed females was calculated to quantify the intensity of the rejection behavior displayed by the females of the different genotypes. The mating success rate and the sex appeal parameter index (SAPI) were estimated as described previously (18) . The locomotive activity of spin flies was examined according to the method of Nilsson et al. (28) . The spin R4 revertant line was obtained by introducing the P(ry ϩ ⌬2-3) chromosome into the spin P1 line. Excision of the Bm⌬-w insertion in spin R4 was confirmed by Southern blot analysis (37) . Rescue experiment. For the generation of spin transgenic flies, the full-length sequences of the type I, type II, type IV, and type V cDNAs were inserted into the pUAST vector (3). Type III cDNA was inserted into the CaSpeR-hs vector. Plasmids were injected into w 1118 embryos together with the phs helper plasmid (32); independent lines harboring the transgene on the third chromosome were then isolated. As a driver, a 2.5-kb fragment of the spin 5Ј region was inserted into the pGaTB vector (3) and used to generate several transgenic lines having a spin-Gal4 insertion on the third chromosome. Fly lines carrying the transgene and either the spin P1 or the spin P2 mutation were generated and then, crossed. In the case of the type III transgene-carrying flies, heat shock treatments were carried out at 37°C for 1 h at various developmental stages between the embryo and the adult stages.
Molecular analysis. Genomic DNA adjacent to the P-element insertion site in the spin P1 mutant was isolated by plasmid rescue and subsequently used to screen a Drosophila genomic library in EMBL3 (Clontech Laboratories, Inc.) and cDNA libraries in gt11 (Clontech Laboratories, Inc.). Recombinant-DNA techniques were used as previously described (33) . The nucleotide sequences of the cDNAs for both strands were determined by dideoxy sequencing using Sequenase (United States Biochemical Corporation) and a 377 DNA sequencer (Applied Biosystems, Inc.). The spin genomic DNA was partially sequenced to confirm the cDNA sequences and to map the exon-intron boundaries. Different DNA and protein databases were searched for homologous sequences using the BLAST program (1) , and the protein sequences were then aligned using MacDNAsis (Hitachi Tech) .
RNA analysis and in situ hybridization. RNA preparation and Northern blot analysis were performed as previously described by Miyamoto et al. (25) . In Northern blotting, a digoxigenin-labeled 3-kb fragment from the full-length type I cDNA was used to detect spin mRNA, and the same blot was also probed with the ribosomal protein gene rp49 as a control. To measure the relative amount of each type of transcript, reverse transcription-PCR (RT-PCR) was performed using a set of primers, A (5Ј-TTTGGAGGCCACTACCTACAAGCAGGACA T-3Ј) and B (5Ј-CTCTGAGTGCGCAGCATAACCTCCAGAATC-3Ј). This set of primers could amplify all five transcripts. After size fractionation, the distinction between the type I and II or type III and IV transcripts was carried out by digestion using a unique BamHI site of exon 5. For in situ hybridization, spin antisense RNA or cDNA probes were synthesized and used to detect the spin transcripts expressed in Drosophila tissues using the method previously described (39) with some minor modifications (18) .
Isolation and analysis of vertebrate orthologs. Two degenerate PCR primers, P1 [5Ј-GTNGGNATNGGNGA(A/G)GC-3Ј] and P2 [5Ј-AT(C/T)TG(A/G)AA NGC(C/T)TCNGCNGT-3Ј] were designed based on comparisons of the amino acid sequences of the fly Spin and Caenorhabditis elegans C39E9.10 gene products. Fourteen-day-old mouse embryonic cDNA (Clontech Laboratories, Inc.) was amplified with the P1 and P2 primers for 35 cycles (94°C for 15 s, 50°C for 30 s, and 72°C for 90 s). The PCR products at the expected sizes were subcloned into the T 7 Blue vector (Novagene) and then sequenced. An 800-bp fragment corresponding to amino acids 161 to 261 in Fig. 7A was first obtained by PCR; the 5Ј region was then cloned by the 5Ј rapid amplification of cDNA ends method. Human and mouse cDNA clones were obtained by screening the database of Expressed Sequence Tags at the National Center for Biotechnology Information using the BLAST network service (1) . The following human and mouse cDNA clones were obtained and sequenced: cDNA clones 426031 and 645298.
Immunohistochemistry. The primary antibodies used were mouse anti ␤-galactosidase (␤-Gal) antibody, J1E7 (Developmental Studies Hybridoma Bank), rabbit polyclonal antibody (Promega), rabbit anti-Repo antibody (gift of K. Ito), and the anti-EcR-A and anti-Elav monoclonal antibodies (gift of S. Robinow). The secondary antibodies used were an Oregon Green-conjugated goat antirabbit antibody (Molecular Probes) diluted 1:400 and Cy2-, Cy3-, or Cy5-conjugated goat anti-mouse or -rabbit antibody (Jackson Laboratories) diluted 1:250. Actin was visualized by staining with Texas Red-X phalloidin, and DNA was visualized with SPIF DNA stain. Apoptosis was detected using an in situ cell death detection kit, Fluorescin (Boehringer Mannheim), and the confocal images were collected by a Bio-Rad MRC 1024 confocal microscope.
TdT-mediated dUTP-biotin nick end labeling (TUNEL). Tissue was fixed for 30 min at room temperature in 4% paraformaldehyde-0.1 M sodium phosphate buffer (pH 7.3), rinsed briefly in PBS-TX (0.5% Triton X-100 in phosphatebuffered saline[PBS]), incubated in 100 mM SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) with 0.1% Triton X-100 at 65°C for 30 min, and rinsed twice in PBS-TX. Tissue was washed for 10 min in 1 ϫ terminal deoxynucleotidyl transferase (TdT) buffer (Roche) and then incubated in TdT reaction mix (Roche) at 37°C for 3 h. Tissue was washed in PBS-TX and incubated overnight with converter-POD (horseradish peroxidase-labeled anti-fluorescein antibody [Roche]) at 4°C, followed by three washes in PBS-TX. After horseradish peroxidase was reacted with diaminobenzidine-H 2 O 2 , tissue was observed in a wholemount preparation. Digital camera lucida images of whole-mount tissues were composed by using Adobe Photoshop and a Macintosh computer with a Kontron Progress 3012 digital scanning camera mounted on a Zeiss Axiophoto microscope.
Electron microscopy (EM). For transmission electron microscopy, pupal and adult specimens were fixed by 4% glutaraldehyde in 0.1 M sodium cacodylate buffer, (pH 7.4 to 7.6) for 1.5 to 2 h, washed in 0.1 M cacodylate for 20 to 30 min, and then postfixed with 1% OsO 4 in 0.1 M cacodylate for 1 h, with all stages being performed at room temperature. The tissue was then dehydrated in a graded ethanol series, the ethanol was replaced with propylene oxide, and the tissue was embedded in epoxy resin. Ultra-thin (60-to 80-nm-thick) sections were obtained on a Reichert Ultracut E ultramicrotome, double stained with uranyl acetate and lead citrate, and then viewed on a Zeiss 10/A or LEO 912AB transmission electron microscope at 80 or 100 kV.
Lipid analysis. Lipids from the heads from spin and wild-type flies were extracted with chloroform-methanol (2:1, vol/vol), and the analysis of the fluorescence spectra of the lipid extracts was performed according to the method of Fletcher et al. (13) using a Hitachi F-2000 fluorescence spectrophotometer. Thiobarbituric acid-reactive substances were measured by the method of Buege and Aust (5) with the modification of Yagi (48) .
Nucleotide sequence accession number. The GenBank accession numbers for the sequences described in this paper are as follows: spinster (type I), AF212366; spinster (type II), AF212367; spinster (type III), AF212368; spinster (type IV), AF212369; spinster (type V), AF212370; Hspin1, AF212371; and Mspin1, AF212372.
RESULTS
Behavioral phenotypes of spin mutants. In addition to the spin P1 line isolated by ourselves, two fly lines with a P-element insertion in the spin locus identified from the Barkeley Drosophila Genome Project gene disruption project (www.fruitfly .org) were used in this study. The lethal line l(2)10403, designated the spin P2 line, was used in the rescue of the spin lethal phenotype. The EP822 line exhibited a low viability similar to that of the spin P1 line; therefore, we used this line to investigate the adult spin phenotypes.
Single male and female pairs were placed in a plastic syringe for 1 h. During this time the mating success was measured (50); it was found that, while 70% of the wild-type pairs copulated, only 4% of the spin P1 mutant females that were paired with wild-type males copulated under the same conditions (Fig.  1C ). Females of a revertant line, obtained by P-element excision, exhibited essentially the same level of mating success as the wild-type females (Fig. 1C ). This result demonstrates that this phenotype is caused by the P-element insertion, as excision was able to restore normal receptivity in females. The intensity of the male courtship can be quantified by the SAPI ( females. The wild-type females were divided into three categories, 1-day-old virgin, 4-day-old virgin, and 4-day-old fertilized females. The females of spin P1 , spin P1 /spin P2 , and spin R4 lines were 4 days old, and the males were all wild type. The behavior of single females was recorded on a video tape for 10 min after pairing, and the numbers of females exhibiting decamping (D), fending (Fe), flicking (F1), kicking (K), curling (C), spreading (S), extrusion (E), and punching (P) actions were counted and are shown as percentages with the respect to the total number of females observed. A value of 100% means that all of the females observed exhibited that action at least once during the recorded period, while 0% means that none of the females did so. The counts obtained from at least 20 females were summed and are illustrated as frequency histograms. CS, CS strain. (C) The percentage of mating success (dark columns) was decreased in spin P1 and spin P1 /spin P2 females compared to that of CS wild-type and spin
R4
females. The differences in levels of mating success between the wild-type and mutant (spin P1 and spin P1 /spin P2 ) females were found to be statistically significant at a P of Ͻ0.001 using Student's t-test. No difference was detected between the four genotypes in the females' ability to elicit male courtship songs (SAPI, paler columns). The bars on the columns represent the standard errors of the mean values for SAPI. The numbers of flies observed in order to estimate the mating success were 114 (wild type), 62 (spin P1 ), 44 (spin P1 /spin P2 ), and 44 (spin
). The number of flies observed to calculate the SAPI was 20 for each of the three genotypes. Males were from the CS wild-type strain, and all flies were aged for 3 days following eclosion. (D) Longevity of adult flies. The percentage of survival after eclosion is plotted for wild-type (CS) females spin P1 females, and spin P1 males.
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on November 7, 2016 by guest http://mcb.asm.org/ Downloaded from performing unilateral wing vibration during a 10-min observation period. The SAPI was found to be almost the same for wild-type, spin P1 , and revertant pairs, thus indicating that the females of these strains were able to elicit similar levels of courtship from the males (Fig. 1C) . This means that the low mating success observed in spin P1 females cannot be accounted for by reduced attractiveness but rather that the low mating success may reflect the unwillingness of the spin P1 females to copulate.
Indeed, the spin P1 females consistently displayed a number of rejection responses (9) against the courting males; these included fending, kicking, flicking, curling, punching, and decamping ( Fig. 1A and B) ; extrusion was rarely seen (Fig. 1B) . The pattern of rejection displayed by spin P1 females resembled that of immature wild-type virgin females rather than that of fertilized females, in that extrusion did not occur (9, 49) . However, the spin P1 females did exhibit kicking and curling behavior much more frequently than the wild-type females (Fig. 1B) . In response to approaching males, the spin P1 females tended to raise their abdomens while spreading their vaginal plates ( Fig.  1A and B) . This spreading was unique to the spin mutant females and was also distinctly different from extrusion, in which the ovipositor protrudes from the female terminalia. Furthermore, the spin P1 female often rushed toward the courting male, pushing the male's head with her forelegs; this aggressive behavior is termed punching and is rare among wildtype females (Fig. 1B) . A similarly pronounced refusal of suitors was observed in heteroallelic spin P1 /spin P2 females (Fig. 1B and C) (see below). spin P1 male flies exhibited no obvious abnormality in their courtship behavior, while general locomotive activity was reduced in both sexes (12% reduction in females and 38% reduction in males 3 days old).
Apart from the regulation of female sexual behavior, the spin gene plays an additional vital role, as the partial loss-offunction mutation (spin P1 ) reduces viability and life span (Fig.  1D ) and the spin P2 mutation is lethal, yielding no adult flies. This reduction in viability caused by the spin P1 mutation was actually more extreme in males than in females (the viability of females was 22% and that of males was 11%), resulting in an uneven sex ratio (females/males, 2:1) of the emerged homozygous adults.
spin mutant flies have a long abdominal ganglion. In an attempt at determining the cellular basis for the behavioral phenotypes of the spin mutant, we have analyzed the morphology of the CNS and have found that the abdominal ganglia in spin P1 mutant flies of both sexes are longer than those of the wild type ( Fig. 2 and 3) . Figure 3A shows the ventral nerve cords (VNCs) of the wild type and spin P1 mutant stained with SPIF DNA stain 24 h after eclosion. The thoracic segment of the VNC appears normal, while the abdominal segment is abnormally long in the spin P1 mutant. The ratio of the length of the posterior part over the total length of the VNC (Fig. 3A) was estimated as follows: for wild-type males, it was 0.260 Ϯ 0.006 (mean Ϯ standard error of the mean) (n ϭ 27); for wild-type females, it was 0.265 Ϯ 0.004 (n ϭ 25); for spin males, it was 0.343 Ϯ 0.016 (n ϭ 15), and for spin females, it was 0.338 Ϯ 0.010 (n ϭ 23). The unshortened morphology of the VNC was still evident 2 weeks after eclosion in spin P1 flies. The same phenotype was also observed in the EP822 line. Apart from the VNC, we were unable to find any gross morphological abnormalities in spin mutant flies.
PCD of the neurons in the VNC occurs shortly after pupariation and after the emergence of the adult; typically, the ventral abdominal ganglion cells die during metamorphosis and after eclosion (20, 31) . The abdominal portion of the VNC shortens after the first wave of PCD in the mid-pupal stage.
The absence of condensation of the abdominal ganglia in the spin mutants implies that some cells in the VNC are prevented from undergoing PCD. To evaluate this possibility, we compared the numbers of cells undergoing apoptosis between the spin heterozygous and homozygous VNCs by selectively staining fragmented DNA using TUNEL (10) . Consistent with the previous observations, PCD in the VNC occurred in two phases, one during the first several hours after pupation and the other immediately after adult eclosion (20, 31, 40) . No difference was found in the numbers of apoptotic cells between the spin heterozygote and homozygote after adult emergence (Y. Nakano, unpublished observation). In contrast, the profile of PCD in the VNC of the spin homozygote was distinctly different from that in the spin heterozygote during the pupal stage ( Fig. 2) : the number of cells undergoing PCD in heterozygotes was maximum at 6 h after puparium formation (APF) as reported for the wild type (Fig. 2E, open squares) , whereas the number of apoptotic cells remained quite low at this developmental stage in homozygotes (Fig. 2E, filled  squares) . The difference in the numbers of the cells undergoing apoptosis at 6 h APF between heterozygotes and homozygotes was statistically significant (P Ͻ 0.01 by Student's t test). No significant diference was found in the number of apoptotic cells between heterozygotes and homozygotes at 4 and 24 h APF (Fig. 2E) . These observations suggest that many cells that will be eliminated at 6 h APF remain alive through the pupal stage in the spin mutant.
spin mutant cells contain lipofuscin-like materials in the CNS. During the tissue staining of spin P1 flies, we observed the existence of autofluorescent material in the blue channel. In the VNC, the autofluorescent material was observed mainly in the central region of the VNC, particularly in the abdominal ganglia (Fig. 3B ) of pupae and adults. The lethal allele, spin P2 , showed an earlier onset of the accumulation of autofluorescent materials in the CNS (from larval stages). In the brain, this material was observed in the central brain and in the optic lobe. Figure 3C shows the distribution of the autofluorescent material (green) and spin gene expression (red), as marked by 
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␤-Gal expression in the VNC of spin P1 /spin P2 transheterozygotes. It was found that part of the autofluorescence overlapped with spin gene expression; however, most did not. Figure 3D shows the EM analysis of the VNC cells in spin P1 homozygotes and heterozygotes at the early pupal stage and 24 h after eclosion. The spin mutant samples exhibited cellular disorganization in that most of the spin mutant cells, including both the neurons and glial cells, contained multilamellate bodies and electron-dense lobulated granules (Fig. 3Db and -c) , these structures were never observed in the spin/CyO cells. These aberrant structures were observed in the CNS from the early pupal stage (Fig. 3Dc) and increased thereafter in spin P1 homozygotes. The early pupal VNC contained electron-dense lobulated granules (Fig. 3Dc) , which appeared to be precursors of the multilamellate bodies seen in the adult VNC. These structures were observed in both sexes, and no differences were observed between the sexes at the cellular level. Neither structure was found in gut or muscle cells from the spin mutant; in addition, the nucleus, mitochondria, and endoplasmic reticulum all appeared to be normal in the spin mutant. The aberrant structures contained within spin mutant nerve cells were found to be very similar to lipofuscin, which is known to be induced by oxidative stress, some proteinase inhibitors, inherited lysosomal storage diseases, and the normal aging process (17) .
In order to identify the nature of these materials, biochemical analyses were performed. Fletcher et al. (13) have reported that a large proportion of the fluorescent pigments in the tissues can be extracted by a chloroform-methanol solution and offer a sensitive fluorometric assay for the measurement of fluorescent lipid peroxidation products that have accumulated in the various tissues. According to their method, the lipids were extracted from the heads of spin and wild-type flies and fluorescence spectra of the lipid extracts were then measured. The lipid extracts from the heads of spin flies had an excitation maximum at 368 nm and an emission maximum at 450 nm; these are characteristic of those observed with the lipofuscin pigments (13, 38, 42) (Fig. 4) . The fluorescence intensity of the spin flies was 3.1 times higher than that of wild-type flies, suggesting that the accumulation of lipid-soluble lipofuscinlike substances was significant in spin flies. The accumulation of lipid peroxides was also examined using a thiobarbituric acid assay. The amounts of thiobarbituric acid-reactive substances in the homogenates and the lipid extracts from the heads of spin flies were found to be 30.2 Ϯ 0.17 pmol/mg of head (mean Ϯ standard deviation of results of three independent experiments) and 104.3 Ϯ 43.6 pmol/mg of head (mean Ϯ standard deviation of results of four independent experiments), respectively. These values were significantly higher than those observed with wild-type flies, namely, 21.5 Ϯ 0.24 and 51.0 Ϯ 6.3 pmol/mg of head, respectively. These results clearly indicate that the chemical nature of the lipofuscin-like pigments that accumulated in spin flies is quite similar to that reported for lipofuscin pigments in various mammalian tissues (38) .
The spin gene function is required for proper ovarian development. spin P1 females not only exhibit very strong rejection behavior toward courting males, they also rarely lay eggs. However, the distribution of motor nerve endings along the uterine muscles was found to be normal (see reference 17). In order to evaluate the possibility that spin P1 mutants are defective in egg production, ovarian development in spin flies was studied. Figure 5A and B show normal ovarian development by staining with SPIF DNA stain (green) (36) and Texas Red-X phalloidine (red), denoting actin staining. At stage 12, nurse cells were found to dump cytoplasmic components into the oocyte, their nuclei accumulated at the anterior of the oocyte, and the actin bundles were well formed. At stage 14, the dorsal appendages were well formed and nurse cell nuclei had disappeared due to PCD in spin P1 /CyO flies. In spin P1 flies, the dorsal appendages were again well formed at stage 14, but the nurse cell nuclei were still present and some oocytes were found to be degenerated (Fig. 5D) ; spin P1 mutant mature ovaries exhibited an accumulation of hundreds of nurse cell nuclei near the basal stalk (Fig. 5E ). The same phenotype was also observed in the EP822 line (Fig. 5C ). In contrast, spin mutant males produce normal offspring; therefore, male germ cells seem to develop normally in these flies.
Molecular cloning of the spin gene. Genomic DNA flanking the P element in the spin P1 mutant was cloned by plasmid rescue (16) and subsequently used to screen genomic and cDNA libraries. Sequence analysis of the identified clones revealed that there were five different transcript forms of approximately 3 kb in length (Fig. 6 ); these were produced by the alternative processing of a primary transcript (Fig. 6A) . The P-element was found to be inserted 8 bp downstream of the transcription initiation site of this transcription unit in the spin P1 mutant. The P-element insertion in the spin P1 allele was found to reduce the amount of the 3-kb transcript and also produced an additional mRNA (ϳ6 kb) from this transcription unit (Fig.  6B ). This 6-kb transcript was found to be a read-through product from the neomycin gene of the P-element vector. These observations suggest that this transcription unit corresponds to the spin gene. Two out of five alternative splicing events resulted in the exclusion of exon 9, which contains an in-frame termination codon, thereby producing proteins containing different C-terminal amino acids (type III and type IV in Fig.  6A) . A different type of splicing variation led to the mutually exclusive utilization of exon 4 in the case of type I and type III and of exon 5 in type II and type IV transcripts (Fig. 6A) . Exons 4 and 5 were found to be 262 bp long and encode amino acid sequences that are 53% identical to each other (Fig. 6C) . The predicted lengths of the polypeptides encoded by the cDNAs described are 630 amino acids for type I and type II, 605 amino acids for type III and type IV, and 422 amino acids for type V proteins (Fig. 6C) .
A hydropathy plot analysis (22) indicates that Spin proteins have multiple membrane-spanning domains with no cleavable signal sequence (Fig. 7B) . Spin exhibits no significant homology to any of the membrane proteins of known function, such as transporters, ion channels, and receptors. A search of the sequence database has allowed us to identify three C. elegans genes of unknown function, C39E9.10, C13C4, and CEF09A5 as orthologs of the Drosophila spin gene (Fig. 7A) . However, we were unable to find homologs in Saccharomyces cerevisiae.
The full-length coding sequence of the mouse and human spin genes were determined by sequencing cDNA clones obtained from the Expressed Sequence Tags data bank. Both mouse and human cDNAs (designated Mspin1 and Hspin1, respectively) were found to encode proteins of 528 amino acids (Fig. 7A) . The identities between Spin (type I) and Mspin1, Spin and Hspin1, and Mspin1 and Hspin1 were 41, 42, and 94%, respectively. Hydropathy analyses (22) for the human, mouse, fly, and nematode proteins show that these proteins are remarkably similar to each other (Fig. 7B) , thus suggesting that they share a common topological structure. The predicted cyclic-AMP-and cyclic-GMP-dependent protein kinase phosphorylation site is conserved from C. elegans to humans; therefore, this indicates that phosphorylation and/or dephosphorylation events may play an important role in Spin function.
The spin gene is expressed in the surface glial cells in the nervous system and follicle cells in the ovary. The expression pattern of the spin gene was analyzed by Northern blotting. A 3-kb transcript was observed throughout development, although the level of expression was very low in the embryonic and second-instar larval stages (Fig. 8B) . The relative amount of each type of transcript was examined by RT-PCR methods.
The type III and type IV transcripts were found to be abundant, while types I and II were expressed at a moderate level and type V was found to be very rare (Fig. 6A) . No major differences were found during development between the sexes or between wild-type and spin P1 flies in this experiment. The spatial expression of the spin transcripts was examined by whole-mount in situ hybridization using an antisense RNA or cDNA probe that was able to detect all five types of transcript ( Fig. 8A) . The spin transcripts were detectable at the beginning of the germ band retraction (stage 12) in a subset of cells in the VNC and the brain, and this expression pattern continued throughout development (Fig. 8A) . In order to establish the identity of the Spin-expressing cells, we performed double staining using an anti-Repo antibody and an antisense probe to spin mRNA. Repo is a glia-specific homeobox protein expressed in all glial cells except for the midline glial and two segmental nerve root glial cells (6, 15, 47) . We observed that more than 95% of Spin-expressing cells overlapped with Repo-expressing cells in the VNC and the brain. This expression pattern was confirmed by using spin P2 , which carries a P-element with an enhancer trap reporter inserted in the middle of the first exon of the spin gene (Fig. 6A) . The ␤-Gal expression pattern observed in the embryos and the third-instar larval brain of the spin P2 heterozygotes was found to correspond well with spin expression as detected by in situ hybridization. Figure 8B shows the double staining of larval and pupal brains by anti-Repo or anti-Elav and anti-␤-Gal antibodies in spin P2 /CyO flies. The spin gene is expressed in the surface glial cells, which include the peripheral exit glia, the subperineural glia, and the channel glia of the nervous system. In addition, ␤-Gal expression in spin P2 /CyO flies in the larval and pupal stages was also observed in the trachea, gut, salivary glands, and ring gland.
The expression of the spin gene was also observed in adult ovaries; expression was observed in the follicle cells in the manner of dorsal-ventral and anterior-posterior gradients (Fig.  8C) but not in the nurse cells or the oocyte. This expression pattern was also confirmed by in situ hybridization (Fig. 8C) .
Rescue of the spin phenotype by specific transcripts. To confirm that the cloned transcriptional unit is the spin gene and whether these different transcripts have different functions, the cDNA corresponding to each transcript was expressed in vivo using the Gal4-upstream activation sequence (UAS) system (3). A 2.5-kb upstream region of the spin gene was used to drive the Gal4 vector. Each type of cDNA (types I, II, IV, and V) was also inserted in the UAS vector. Type III cDNA was examined under the regulation of the heat shock promoter. In the behavioral-rescue experiment, the transgene was examined in spin P1 /spin P1 flies, while in the lethality rescue experiment, the transgene was introduced into the spin P2 /spin P2 flies. Table  1 shows the results of these rescue experiments. Type I cDNA was found to rescue both the behavioral and lethal phenotypes. Type V cDNA, which encodes half the protein of type I, was also found to rescue the behavioral phenotype; however, it was not able to rescue the lethality phenotype. Type II, III, and IV cDNAs were unable to rescue the behavioral and lethal phenotypes.
Given that the sole difference between the type I and type II transcripts is an alternative usage of exon 4 in type I and of exon 5 in type II, the exon 4 sequence is necessary for rescuing the behavioral and lethal phenotypes. These two exons both encode the same number of amino acids and share 56% homology, and although their sequences are different, the predicted topology does not change. Since the difference between type I and type III is located in the C-terminal region, the C terminus also seems to play an important role in Spin function. In spin P1 mutants, a 6-kb transcript was produced by readthrough from the inserted P-element vector and the amount of the authentic 3-kb transcripts was dramatically reduced. However, the relative amount of the each transcript was not changed in spin P1 mutants; thus, the effect of mutations on spin transcription was not isoform specific. These data suggest that reduced amounts of Spin proteins, particularly the type I and type V products, induce spin P1 phenotypes.
DISCUSSION
We demonstrated that spin mutations interfere with PCD in both ovaries and the nervous system. These cellular defects should contribute at least in part to behavioral phenotypes of spin mutant female flies, i.e., the reduction in oviposition and sexual receptivity. It is evident that some immature oocytes degenerate in spin mutant ovaries (Fig. 5) ; thus, the total number of eggs available for oviposition decreases. However, this finding does not necessarily exclude the possibility that the spin mutant female flies are accompanied by some other deficits that hamper normal oviposition. It is important to note that the spin gene product is expressed in the follicle cells of ovaries and not in nurse cells or oocytes. This observation suggests that the Spin protein is required by follicle cells for inducing the PCD of nurse cells, a group of support cells which are crucial for the normal development of oocytes (36) . The degeneration of immature oocytes in spin mutant female flies may thus result from the disturbance of the process of PCD of nurse cells as a consequence of the loss of Spin from follicle cells.
The link between the PCD defect in the nervous system and enhanced mate refusal in spin mutant female flies is less obvious. By analogy with the effect on ovaries, it is conceivable that the spin mutations likely affect female sexual behavior through degeneration of cells in the nervous system. Indeed, neurodegeneration is widespread in the spin P1 mutant nervous system, which accumulates lipofuscin-like materials. In the spin mutant, the neurodegenerative phenotype was observed in both sexes, but germ cell abnormality and abnormal sexual behavior were found to be female specific. It may be that changes in female sexual receptivity are the easiest parameter by which to detect the malfunctioning of the nervous system due to the accumulation of lipofuscin-like materials in neurons. Alternatively, the reduced receptivity to copulation in spin P1 mutant females and the neurodegeneration observed in both sexes of the spin mutant flies might be unrelated. This issue remains to be resolved by future analysis of spin mutant flies.
There are interesting parallels in the effect of spin mutations on ovaries and the nervous system. Like those in the ovaries, PCD defects in the nervous system are most pronounced in cells not expressing the spin gene product, i.e., neurons. In the nervous system, the spin gene is expressed exclusively in glial cells that play a number of different roles in the development and maintenance of the nervous system. The distribution of the observed autofluorescent material in the nervous system does not correlate with the distribution of the Spin-expressing cells (Fig. 3B) ; in addition, the time-dependent accumulation of lipofuscin-like materials is observed in most of the neuronal The most striking effect of spin mutations on neuronal PCD is found in the VNC at 6 h APF, at which time the number of cells undergoing PCD reaches a maximum in the wild type (Fig. 2) . In spin mutant pupae, the number of cells undergoing apoptosis is 60% less than that in wild-type pupae. Since no later or earlier peaks of PCD are observed in the spin mutant, the cells to be eliminated must remain there throughout the pupal and adult stages. The presence of supernumerary neurons would perturb the formation of adult neural circuits that are established during the pupal stage.
In fact, the structure of the nervous system of spin mutants is aberrant even when it is observed at the level of gross anatomy. The abdominal segment of the VNC is remarkably longer in the mutant than in the wild type (Fig. 3 ). This part of the VNC is shortened at the mid-pupal stage. The extent of PCD of neurons influences the shortening of the VNC. For example, the VNC does not shorten in the flies hemizygous for the H99 deficiency (K. Usui-Aoki, unpublished observation), in which three PCD genes, hid, rpr, and grim, are deleted (7, 45) , and thus PCD in the VNC is prevented (10) . Furthermore, the VNCs of H99 hemizygous pupae contain autofluorescent material (K. Usui-Aoki, unpublished observation). These results support the idea that the long-abdominal-ganglion phenotype of spin mutants results from the reduced extent of PCD in the pupal VNC.
It has been known that, in the moth pupa, damage to glial cells interferes with the shortening of the VNC (43) . Another study has shown that the metamorphic shortening of the moth VNC cultured in vitro is accelerated by the insect steroid hormone ecdysteroid (30) . Taking all these observations together into consideration, it is postulated that the Spin protein functions in glial cells to induce PCD of neurons during metamorphosis, which is under the control of the humoral hormone ecdysteroid.
Widespread neurodegeneration and accumulation of lipofuscin-like materials are important features of the nervous systems of spin mutant adults. Although such neurodegeneration might be a secondary result of PCD defects, it provides us with a unique model to study the basis for some human diseases with similar phenotypes. Both histological and biochemical analyses indicate that accumulated materials in spin flies are very similar to lipofuscin. Lipofuscin was discovered as an aging pigment more than a century ago. However, the mechanism of lipofuscinogenesis has not yet been fully elucidated. In humans, the abnormal accumulation of lipofuscin has been reported for several neurodegenerative disorders such as the neural ceroid lipofuscinoses and Tay-Sachs disease. Both are categorized as lysosomal storage diseases (2). Although we have cloned two human spin orthologs and mapped them to regions on chromosomes 16 and 17 (Y. Nakano, unpublished data), these two loci do not match the mapped loci of the known disease holders. However, there are still many unidentified diseases that will probably be classified as lysosomal storage diseases; therefore, spin orthologs will be good candidate genes in these diseases.
Interestingly, spin mutant flies exhibit a shortened life span (Fig. 1D) . One Drosophila mutant, eggroll, has a very similar phenotype to that produced by the spin mutation; such mutants exhibit a shortened life span and have multilamellar structures in the CNS (24) . We point out the similarity to some human neurodegenerative diseases such as Tay-Sachs disease and Niemann-Pick sphingomyelin storage diseases (27) . Therefore, the study of the spin and eggroll mutants will provide us with a good tool for understanding the relationship between aging and lipofuscinogenesis.
